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B-DNA is the most common DNA helix conformation under physiological conditions. However,
when the amount of water in a DNA solution is decreased, B-to-A helix transitions have been
observed. To understand what type of helix conformations exist in a solvent-free environment, a
series of poly d(CG)n and mixed sequence DNA duplexes from 18 to 30 bp were examined with
circular dichroism (CD), ESI-MS, ion mobility, and molecular dynamics. From the CD spectra, it
was observed that all sequences had B-form helices in solution. However, the solvent-free results
were more complex. For the poly d(CG)n series, the 18 bp duplex had an A-form helix
conformation, both A- and B-helices were present for the 22 bp duplex, and only B-helices were
observed for the 26 and 30 bp duplexes. Since these sequences were all present as B-DNA in
solution, the observed solvent-free structures illustrate that smaller helices with fewer base pairs
convert to A-DNA more easily than larger helices in the absence of solvent. A similar trend was
observed for the mixed sequence duplexes where both an A- and B-helix were present for the 18
bp duplex, while only B-helices occur for the larger 22, 26, and 30 bp duplexes. Since the
solvent-free B-helices appear at smaller sizes for the mixed sequences than for the pure d(CG)n
duplexes, the pure d(CG)n duplexes have a greater A-philicity. (J Am Soc Mass Spectrom 2007,
18, 1188–1195) © 2007 American Society for Mass SpectrometryThe crucial role DNA plays in encoding geneticinformation and in transporting it from one cellto another makes evaluating its structure and
conformational changes essential to fully understand
how it functions. Many different conformations of DNA
helices have been detected since Watson and Crick
discovered the B-form double helix in 1953 [1]. Three of
the most common helix conformations are the A-, B-,
and Z-forms shown in Figure 1a. Under normal physi-
ological conditions, DNA duplexes are usually present
in a B-helix, which is an antiparallel right-handed helix
with the base pairs oriented perpendicular to the helical
axis [2, 3]. A-DNA is another right-handed helix, but it
is shorter and wider than B-DNA, and it is predomi-
nantly observed in low humidity conditions [4]. Z-DNA
is a very interesting form of DNA because it forms a
left-handed helix, more elongated and slender than
B-DNA, which is primarily observed in alternating
cytosine/guanine rich sequences under high salt con-
centrations [5]. Although these three forms of DNA are
the most common, there are many other DNA helices
that possess small variations from the A-, B-, or Z-
forms.
Due to the flexibility of DNA, transitions from one
helix form to another readily occur under certain con-
ditions. One of the first reversible structural transitions
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B-DNA to A-DNA, which was first detected nearly fifty
years ago (Figure 1b) [6]. Although the B-helix is
recognized as the standard helix form for DNA, the
B-to-A (B-A) transition is thought to be very important
biologically as the presence of the TATA-binding pro-
tein [7, 8] and certain polymerases have been observed
to induce this transition [9–14]. B-A transitions have
also been observed when alcohols and some salts are
added to a DNA solution, decreasing its relative hu-
midity (RH) [15–19]. To further understand this depen-
dence on RH, many different DNA duplex sequences
have been analyzed with varying solution conditions.
One interesting finding was that the B-A transition is
sequence-specific and duplexes rich in G-C base pairs
undergo the transition more easily than duplexes rich in
A-T base pairs [20]. To understand this trend, computer
simulations were used to evaluate all the bases, and it
was found that cytosine could easily switch its sugar
conformation from C2=-endo to C3=-endo, while the
other bases could not switch as readily [21, 22]. Since
sugar puckering is one of the main criteria for distin-
guishing B- and A-form DNA (C2=-endo versus C3=-
endo), this finding appears to be a good speculation for
the greater A-philicity of G-C base pairs.
Understanding the sequence specificity of the B-A
transition is extremely important, since the propensity
of a given sequence towards an A- or B-form helix is
one of the key factors in protein-DNA interactions.
Recently, DNA duplexes from 2 to 14 bp were studied
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trometry [23, 24]. CD spectra indicated that the se-
quences exist as B-DNA in NH4OAc/H2O solution, but
ion mobility spectrometry found that only A-form he-
lices are present for solvent-free 8 to 14 bp duplexes,
while duplexes smaller than 8 bp only exist as globular
forms. While these results indicate that a B-A transition
is occurring from solution to a solvent-free environment
for the 8 to 14 bp duplexes, the analysis of larger
sequences is required to determine whether B-DNA is
ever stable in the absence of solvent. In this study,
circular dichroism, mass spectrometry, ion mobility,
and molecular dynamics calculations were performed
on poly d(CG)n duplexes and mixed sequence du-
plexes from 18 to 30 bp long. For simplicity, the
strands were named by their sequence and length so
CG18  d(CG)9, CG22  d(CG)11, CG26  d(CG)13,
Figure 1. (a) A-, B-, and Z-form helices. (b) The B-to-A transition
is a common transition that is dependent on the relative humidity
of a solution and the DNA sequence. B-DNA is found at high RH,
while A-DNA is present at low RH. G-C pairs are also more
A-philic than A-T pairs, causing G- and C-rich sequences to
undergo B-to-A transitions more easily. One DNA strand is shown
in blue, the other in pink, and all bases are gray.CG30  d(CG)15, Mix18  dCAGTGAT(CG)2ATCACTG,Mix22  dGAC2TAGAT2CGA2TCTAG2TC, Mix26 
dCAGTCACG2AT2CGA2TC2GTGACTG, Mix30a 
dAGA4T2AT2GTCTG2CATAGTGCA2CAG, and Mix30b 
dCTGT2GCACTATGC2 AGACA2TA2T4CT.
Experimental
Materials
The oligonucleotides were purchased from Sigma-
Genosys (The Woodlands, TX) and used without fur-
ther purification. They were suspended at a concentra-
tion of 300 M in 30 mM NH4OAc/H2O solution (pH
7.0), annealed at 95 °C for 10 min, slowly cooled to room
temperature, and stored at 10 °C. Before analysis with
CD and mass spectrometry, the duplex solutions were
diluted to 50 M with H2O, and 1% NH4OH was added
to induce negative ion formation.
Circular Dichroism Experiments
Circular dichroism (CD) spectra were measured on an
OLIS RSM 1000 Spectrometer (Bogart, GA) using a 0.1
cm path length quartz cell. The 50 M DNA solutions in
NH4OAc/H2O/NH4OH were analyzed by CD to ob-
tain the conformation of the duplexes before they were
sprayed and eventually entered the drift cell of the ESI
instrument. The ellipticity of the duplexes was monitored
from 200 to 300 nm to determine the wavelengths where
maximum and minimum ellipticity was observed.
Mass Spectra and Ion Mobility Experiments
Details concerning the experimental setup for the mass
spectra and ion mobility measurements have been pub-
lished previously [25]. Accordingly, only a brief descrip-
tion will be given here. Approximately 6 113L of one
of the solutions prepared as described above was
placed in a metallized glass needle spray tip. Ions were
formed by nano-ESI and injected into a specially de-
signed ion funnel. The ions were then carefully injected
into a 4.5 cm long drift cell filled with 5 torr of helium
gas and gently pulled through the He gas at a constant
drift velocity by a weak electric field. After exiting the
drift cell, the ions were mass analyzed in a quadrupole
mass filter and detected. The quadrupole mass filter
was either set to select a mass range of interest for the
acquisition of a mass spectrum or in a pulsed experi-
ment it detected one specific m/z as a function of time,
yielding an arrival time distribution or ATD. The re-
duced mobility, Ko, of a specific ion is accurately deter-
mined using eq 1 [26],
tA
l2
Ko
·
273.16
760T
·
p
V
 to (1)
where l is the length of the cell, T is the temperature in
Kelvin, p is the pressure of the He gas (in torr), V is the
voltage applied to the drift cell, tA is the arrival time of
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is the amount of time the ion spends outside the drift
cell before reaching the detector. A series of arrival
times is measured by changing the voltage applied to
the drift cell. A plot of tA versus p/V yields a straight
line with a slope inversely proportional to Ko and an
intercept of to. Once Ko is determined, the collisional
cross section of the ion, , is calculated using eq 2,

3e
16No
 2
kbT
1⁄2 1Ko (2)
where e is the charge of the ion, No is the number
density of He at STP, T is temperature, kb is Boltzmann’s
constant, and  is the ion-He reduced mass [26].
Theoretical Calculations
Structural information about the ions is obtained by
comparing the experimental cross sections determined
from the ATDs to calculated values of theoretical mod-
els. Candidate structures of each duplex ion were
generated using the parm99 force field [27] and the
AMBER 7 [28] set of programs. Canonical A- and
B-form helix starting geometries were created using the
NUCGEN utility within AMBER and Z-forms were
generated using HyperChem [29]. 300 K molecular
dynamics simulations were run on each complex for 2
ns using the AMBER 7 set of programs, and every 5 ps
a structure was saved. Each structure was then energy-
minimized and its cross section calculated. For ions
with more than 200 atoms, collisional cross sections
were calculated using hard-sphere scattering and tra-
jectory models developed by the Jarrold group [30, 31].
In the calculations, the starting structures eventually
converged to give one or more steady-state structures
where the cross section remains relatively constant. The
average cross sections of the final 50 to 100 structures in
each steady state were used for comparison with the
experimental values.
The experimentally observed overall charge state of
the complexes is readily identified from the mass spec-
tra, but the exact locations of the deprotonation sites
required for modeling are not known. Thus, the depro-
tonation sites on the DNA were divided and dispersed
among the strands, with at least two neutral phosphate
groups between every deprotonated group [32–36].
Multiple duplex structures were modeled with many
different deprotonation sites, but no theoretical differ-
ences in cross section or conformation were observed as
a function of charge location, consistent with previously
published data on smaller DNA duplexes [23, 37].
Results and Discussion
Circular Dichroism
Circular dichroism (CD) was utilized in determining
the solution phase helix conformations of the sequencesstudied. CD is able to characterize whether DNA has an
A-, B-, or Z-form helix, since A-DNA has a maximum
near 265 nm, B-DNA has a maximum near 280 nm, and
Z-DNA has a maximum near 260 nm as shown in
Figure 2b [38–42]. A typical CD spectrum for the
sequences analyzed is shown in Figure 2a. All of the
sequences studied had spectra indicative of B-DNA
with only small differences in the intensity of the
maximum and minimum ellipticity were observed
(longer sequences exhibit more intense maxima and
minima, probably due to the additional base pairing
and stacking interactions).
Mass Spectra
The nano-ESI mass spectra of CG18 and CG30 are
shown in Figure 3. Deprotonated single strands and
duplexes were present in the mass spectra for all of the
sequences analyzed with NH4
 adducts to the right of
each peak. Because the poly d(CG)n strands and some of
the mixed sequences are self-complementary, care must
be taken in assigning the peaks in the mass spectra.
Figure 2. (a) A typical CD spectrum for the 18 to 30 bp sequences
analyzed. The spectra shown is for Mix22. (b) Expected CD
spectra for A-DNA (red), B-DNA (blue), and Z-DNA (black).Duplexes with odd charge states can be unambiguously
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also correspond to single strands with half the charge
state. One interesting observation was that the most
abundant charge state of the duplexes in all of the mass
spectra collected was always equal to half the number
of base pairs (i.e., the most abundant peak for the 18 bp
duplexes corresponds to the 9 charge state, while the
most abundant peak for the 30 bp duplexes had a 15
charge state).
Ion Mobility
To examine the conformational properties of the DNA
duplexes, ion mobility experiments were performed. In
each case, the appropriate ion for each complex was
gently injected into the drift cell and its ATD collected.
Poly d(CG)n Duplexes
ATDs for the CG18, CG22, CG26, and CG30 duplexes in
their most abundant odd charge states are shown in
Figure 4. The other less abundant odd charge states for
each duplex gave ATDs similar to those shown in
Figure 4, while the even charge states were not ana-
lyzed because of the presence of single strands. Single
Figure 3. Nano-ESI mass spectra for (a) CG18 and (b) CG30.
Single-strand and duplex peaks were observed for all sequences
analyzed and the most abundant duplex peak always had a charge
state of half the number of base pairs. SS is the abbreviation for
single strand.peaks were observed in the ATDs for the CG18 andCG26 duplexes, indicating that most likely only one
family of conformers is present. However, two peaks
were present for the CG22 and CG30 duplexes, indica-
tive of two conformations, suggesting that some type of
conformational change is occurring at these sequence
lengths. The collision cross sections of the most abun-
dant charge state for each duplex are listed in Table 1.
Cross sections for the other odd charge-state duplexes
present in the mass spectra were also evaluated, and it
was found that as the charge state of each complex
becomes more negative, an enlargement in cross section
of 1% per odd charge state occurs. These results are
shown for the 22 and 26 bp duplexes in Table 2. As
observed from other biological systems studied with
ion mobility and theoretical calculations [43, 44], this
increase in cross section is due to the increase in charge
repulsion between strands. Thus, only the lowest charge
state duplex structures were analyzed theoretically.
Theoretical modeling was utilized to understand
Figure 4. ATDs for the 18, 22, 26, and 30 bp poly d(CG) duplexes.
The labels A, B , and B refer to the type of helix observed (see1 2
text).
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CG30 duplexes, while only one conformer occurred for
the other duplexes. To evaluate these conformations,
A-, B-, and Z-form helices for each duplex were ana-
lyzed with 300 K molecular dynamics simulations. Only
one steady state was observed in the dynamics plots for
all of the A-, B-, and Z-form helices, except when a
B-helix starting structure was used for (CG30)2. An
example plot of cross section versus time with one
steady state is shown in Figure 5a for the B-helix
starting structure of (CG18)2, and the dynamics plot for
the B-helix starting structure of (CG30)2 with two
steady states is shown in Figure 5b. The average cross
section of the final 50 to 100 structures for each steady
state is listed in Table 1.
When the theoretical structures for the different helix
forms of each duplex were analyzed, it was found that
the resulting helices at the end of the dynamics simu-
lations were similar to the starting solution helices for
the A- and Z-forms. However, the B-form helices for the
CG18, CG22, and CG26 duplexes were different from
their starting solution helices as they all had a bend near
Table 1. Experimental and theoretical cross sections (Å2) of the
duplexes
Duplex Expta
Theorybcd
A-helix B-helix Z-helix
[(CG18)2 – 9H]
9 1268 1254 1221 1305
[(CG22)2 – 11H]
11 1403
1558 1395 1549 1600
[(CG26)2 – 13H]
13 1763 1635 1750 1720
[(CG30)2 – 15H]
15 1948 1950
2249 1875 2240 2000
[(Mix18)2 – 9H]
9 1227
1319 1221 1315 1263
[(Mix22)2 – 11H]
11 1529 1486 1524 1458
[(Mix26)2 – 13H]
13 1776 1764
2020 1676 2035 1812
[Mix30a · Mix30b – 15H]15 2203 2190
2406 1950 2375 2070
a1% reproducibility error.
b2% standard deviation.
cSimilar cross sections were observed for the duplexes of other odd
charge states.
dTwo different families of B-helices were observed (see text and Figure 6).
Table 2. Experimental cross sections (Å2) of 22 and 26 bp
duplexes versus charge statea
Duplex
Charge state
11 13 15
(CG22)2 1403 1411
1558 1567 –
(Mix22)2 1529 1542 –
(CG26)2 – 1763 1779
(Mix26)2 1776 1784
– 2020 2031a1% reproducibility error.the end of their helices. Two forms of the CG30 B-form
helix were observed in the dynamics plot in Figure 5b,
where the initial B2 conformer (2240 Å
2 is similar in
structure to the solution B-helix, but after 200 ps it
converts into a helix with a bend at the end (B1
conformer, 1950 Å2, analogous to the solvent-free B-
form helices for the smaller poly d(CG)n duplexes. The
B2 conformation for CG30 is considered a steady-state
structure in dynamics calculation because it endures for
a significant time before isomerizing to B1. It does
appear that the AMBER force field predicts B1 to be
more stable than B2 based on our 2 nanosecond simu-
lation but that may either be a force field effect or
attributable to the necessarily limited time of the dy-
namics run. Clearly, the B2 conformer is observed
experimentally supporting its long-term stability (see
below). Conversely, in the simulations for CG18, CG22
Figure 5. 300 K dynamics plots of cross section versus dynamics
time for (a) the CG18 duplex and (b) the CG30 duplex. In both
cases, a solution form B-helix starting structure was used. Only
one steady state was observed for the CG18 duplex, but two
steady states were present for the CG30 duplex. The dynamics
simulations were run for 2 ns and every 5 ps a structure was saved
and its cross section calculated. Analysis of the resulting structures
allowed the structural assignments given in the Figure (see text
and Figure 6).and CG26, the solution form B-helix starting structure
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retains that structure for the entire dynamics run.
When the experimental cross sections for the du-
plexes were compared with their theoretical values, a
trend was observed for the data. A-form helices corre-
lated with the experimental cross sections for (CG18)2
and the shortest time peak for (CG22)2. However, the
longer time peak for (CG22)2 agreed with a bent B-form
helix (termed B1), indicating that at the 22 bp length
B-DNA is finally stable in a solution-free environment.
The single peak for (CG26)2 and the two experimental
cross sections for (CG30)2 also correlate with B-helices:
the bent B1 form matched with the experimental cross
section for (CG26)2 and the shorter time peak in the
(CG30)2 ATD, and the near solution B2 form correlated
with the cross section for the longer time ATD peak for
(CG30)2. The model A- and Z-form helices for (CG26)2
and (CG30)2 did not agree with any of the measured
cross sections. Theoretical structures for the helices that
correlated with the experimental cross sections of each
sequence are illustrated in Figure 6.
Previous ion mobility data have illustrated that sol-
vent-free helices first appear for the 8 bp poly d(CG)
duplex, while smaller duplexes only occur as globular
structures [23]. This data also showed that for the
Figure 6. Theoretical structures from the 300 K dynamics for the
(a) CG18, (b) CG22, (c) CG26, and (d) CG30 duplexes that match
the experimental cross sections. One strand is blue and the other
is pink.d(CG)n sequences from 8 to 18 bp duplex, a B-A
transition occurred from solution to the solvent-free
environment of the experiment (Figure 7a). This B-A
transition has been observed for other small DNA
duplexes when the relative humidity of the solution is
decreased [45–48], so it is not unreasonable to presume
that smaller duplexes can change from a B-form to an
A-form during the desolvation process that occurs in
ESI. However, in this study we observed that for the
CG22 duplex both an A- and B-form are present in the
experiment and only B-DNA is present in d(CG)n
duplexes longer than 22 bp. From these results, appar-
ently larger duplexes with increased base pair stacking
are able to retain their B-form helix throughout the
desolvation and analysis process, resulting in an only
modestly transformed B-form helix at the end of the
experiment. Figure 7b illustrates this trend.
Mixed Sequence Duplexes
Since it has been observed that sequences rich in G-C
pairs are more A-philic than sequences rich in A-T
pairs, the helix forms of sequences with A-T pairs must
be evaluated to understand how sequence composition
effects the solvent-free B-A transition [20–22]. The
Figure 7. Summary of the poly d(CG) duplexes analyzed. (a) For
the CG duplexes from 8 bp to 18 bp, only A-form helices were
observed without solvent. (b) The first B-form helix was observed
for CG duplexes at 22 bp and B-helices were detected exclusively
at 26 bp and above.ATDs for a series of mixed duplexes in their most odd
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the poly d(CG)n duplexes, the less abundant odd charge
states for each duplex gave ATDs similar to those
shown. The even charge states were not analyzed
because of the presence of single strands. Two peaks
were observed in all of the ATDs for the mixed du-
plexes, except for the Mix22 duplex, which only had a
single peak. The experimental cross sections are given
in Table 1.
Theoretical modeling was utilized to understand the
helix conformations of the mixed sequence duplexes.
Only one steady state was observed in the dynamics
plots for all of the A-, B-, and Z-form helices, except the
B-forms of the Mix26 and Mix30 duplexes, which dis-
played two steady states similar to the CG30 duplex in
Figure 5b. The average cross section of each form is
given in Table 1. When the theoretical cross sections
were compared with the experimental values for each
duplex, the shorter time peak for the Mix18 duplex
matched the A-helix and the longer peak agreed with a
B-form helix. However, the Mix22, Mix26, and Mix30
duplexes only correlated with B-form helices. The DNA
helices that match the experimental cross sections are
Figure 8. ATDs for the mixed 18, 22, 26, and 30 bp duplexes. The
labels A, B , and B refer to the type of helix observed (see text and1 2
Figure 9).shown in Figure 9. The two theoretical B-helix struc-
tures for the Mix26 and Mix30 duplexes, B1 and B2, were
analyzed to determine the conformational change oc-
curring. Analogous to (CG30)2, the larger conformer
(B2) was an elongated helix similar to the solution
B-helix, while the smaller conformer (B1) had a bent
end. When these two conformers were compared with
the two experimental cross sections, the B1 conformers
agreed with the smaller value and the B2 structures
matched the larger cross sections for both the Mix26
and Mix30 duplexes.
When the results from the solvent-free poly d(CG)n
helices and mixed helices were compared, an important
finding was observed. Both sequence types have A-
form helices present at smaller sequence lengths. How-
ever, B-form helices first appear at 18 bp for the mixed
sequence duplexes, while B-helices are not present for
the poly d(CG)n helices until 22 bp. Since B-DNA is
observed at smaller helix sizes in the mixed sequence
duplexes (with some A-T pairs) than for the pure
d(CG)n duplexes, it can be concluded that the solution
trend of G-C pairs being more A-philic than A-T pairs is
also relevant to the solvent-free helices and conse-
quently is an intrinsic property of the duplexes, not a
solvent effect.
Summary
The mass spectrometry, ion mobility, and molecular
dynamics results presented provide insight into the
Figure 9. Theoretical structures from the 300 K dynamics for the
(a) Mix18, (b) Mix22, (c) Mix26, and (d) Mix30 duplexes that match
the experimental cross sections. One strand is dark blue and the
other is light blue.size- and sequence-dependent conformations of DNA
1195J Am Soc Mass Spectrom 2007, 18, 1188–1195 B-DNA HELIX STABILITYhelices upon dehydration. The main conclusions are
illustrated below.
(1) d(CG)n duplexes between 8 and 18 bp have
B-form helices in solution and convert to an A-form
helix in a solvent-free environment. However, starting
at the 22 bp duplex, a bent form B-helix becomes stable
without solvent and at 30 bp a solution like B-helix first
appears.
(2) For the mixed sequences with both C-G and A-T
pairs, the bent B-form helix becomes stable at the 18 bp
duplex and the solution form B-helix at the 26 bp
duplex, indicating that A-T pairs are less A-philic than
C-G pairs. This is an intrinsic property and not a solvent
effect.
(3) Solution B-form helices are conserved without
solvent, but the length at which the helices are pre-
served is sequence- and size-dependent.
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